We employed the Schwinger multichannel method to compute elastic cross sections for low-energy electron collisions with ethane (C 2 H 6 ). The calculations were carried out in the static-exchange and static-exchange plus polarization approximations for energies up to 12 eV. Our integral cross section shows good agreement with experimental data and with theoretical results for energies above 5 eV. There are some differences for energies below 5 eV between our results and the available experimental and theoretical results. Our differential cross sections also agree well with the experiment and with theory for energies above 5 eV; below this energy our results agree in shape, but are smaller than the available experimental and theoretical results. We discuss possible reasons for these discrepancies. We found a broad structure in the integral cross section around 8.5 eV and also a Ramsauer-Townsend minimum around 0.2 eV. These results are in agreement with the experimental observations and theoretical results.
INTRODUCTION
The recent discovery by Boudaïffa et al. [1] that secondary electrons are responsible for single and double strand breaks in DNA has motivated several studies regarding electron collisions with biological molecules [2] . Most of these studies are concerning with formation of resonances that would be responsible for molecular dissociation. Therefore the correct characterization of a resonance, i.e., its position, symmetry, type (shape, core-excited, Feshbach etc) is an information that helps in the understanding of the dissociation process.
Ethane is a simple hydrocarbon that has been studied by experimental [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and theoretical groups [15] [16] [17] . This molecule presents a broad structure around 7 eV and a Ramsauer-Townsend minimum below 1 eV (at ∼ 0.2 eV) [13, 14, 16] . From the theoretical point of view the description of these two features needs the inclusion of polarization effects. These effects arise from the distortion of the molecular electronic cloud due to the electric field generated by the incoming electron. In order to obtain good cross sections for electron collisions with biological molecules, one needs to know how to incorporate polarization effects properly. Therefore, studies involving collisions with small molecules can help one to achieve this goal.
In this paper we report cross sections for elastic collisions of low-energy electrons with C 2 H 6 molecules. We em- * Electronic address: bettega@fisica.ufpr.br † Electronic address: roma@ifi.unicamp.br ‡ Electronic address: maplima@ifi.unicamp.br ployed the Schwinger multichannel (SMC) method implemented with norm-conserving pseudopotentials in the fixed nuclei, static-exchange (SE) and static-exchange plus polarization (SEP) approximations. We calculated integral, momentum transfer and differential cross sections for energies up to 12 eV. Our aim is to present results obtained with the inclusion of polarization effects that display the RamsauerTownsend minimum at the right location and to describe the correct shape of the differential cross sections. We compared our results with experimental and theoretical results available in the literature. In general our results agree well with the experimental data and theoretical results for energies above 5 eV.
In the next sections we discuss the theoretical procedures used in the current calculations, present our results and discussions and end with a brief summary of our findings.
THEORY
The SMC method and its implementation with pseudopotentials (SMCPP) were discussed in detail elsewhere [18, 19] . Here we will only discuss the relevant aspects of the present calculation.
The target was computed in the Hartree-Fock approximation. Bound state and scattering calculations were done within the C s point group at the experimental geometry of equilibrium [20] . The geometrical structure of ethane is shown in Figure 1 , generated by McMolPlt [21] . Our calculations employed the norm-conserving pseudopotentials of Bachelet, Hamman and Schlüter [22] in order to represent the core electrons, as discussed in Ref. [19] .
The basis set employed in our bound state and scattering For the hydrogen atoms we used the 3s basis set of Dunning [24] , augmented by one p-type function with exponent 0.75. Recent calculations on electron-molecule collisions indicate that the most efficient way to take polarization effects into account is through the use of the modified virtual orbitals (MVOs) [25] . In the present calculations we used the modified virtual orbitals (MVOs) [26] to describe hole, particle and scattering orbitals according to Ref. [25] . We considered single excitations from all valence occupied orbitals to the MVOs with energies less than 15 hartree; the same set of MVOs were then used as scattering orbitals. We considered singlet and triplet coupled excitations which resulted in a total of 19,940 doublet configuration state functions (CSFs) divided per symmetry as follows: 10,460 for A and 9,480 for A . The one particle basis set used in these calculations included 114 primitive Cartesian Gaussian functions contracted to 102 functions. Recent calculations on electronpropane collisions have shown that it is important to include both singlet-and triplet-coupled excitations in order to obtain good results for low energies [27] .
In order to improve the one-particle basis set, we performed another round of calculations including additional Cartesian Gaussian functions on seven extra (chargeless) centers. One center was located in the molecular center of mass, with one s-type function with exponent 0.5 and one p-type function with exponent 0.85, and six remaining centers were placed out of the molecular axis. These six centers were located in the corners of two triangles parallel to the hydrogen's triangles. These two extra triangles were located in the half way between the center of mass and each carbon. The locations of the extra centers were chosen arbitrarily, but keeping the molecular symmetry. Each one of these six centers has one s-type function with exponent 0.07 and one p-type function with exponent 0.22. Figure 1 shows these seven extra centers labeled by G. The cartesian coordinates of the unique atoms used in the present calculations are shown in table I. This basis provided 10,032 CSFs for the A symmetry and 9,019 CSFs for the A symmetry, with a total of 19,051 CSFs. The one particle basis set used in these calculations included 142 primitive Cartesian Gaussian functions contracted to 130 functions. The calculations with this larger basis was done in order to help to explain some discrepancies observed between our results and the available theoretical and experimental results, which seems to be due to the coupling of higher angular momentum caused by the use of f -type functions in the calculations of Sun et al. [16] . Since our codes deal only with s-, p-, and d-type functions, we need to include additional functions out of the molecular axis in order to obtain this type of coupling.
The computational cost of both calculations was almost the same. The calculations without extra centers used more CSFs than the calculations with extra centers, which means that the matrices to be inverted are bigger, the calculations being more extensive in terms of computational time and computational memory. On the other hand, the calculations with extra centers used more primitive functions and therefore the number of primitive integrals in these calculations was bigger than in the calculations without extra centers, being more time consuming. Figure 2 shows our calculated integral cross section in the static-exchange (SE) and in the static-exchange plus polarization (SEP) approximations. We also show in this figure the theoretical results of Sun et al. obtained with the complex Kohn method [16] , also obtained in the SE and SEP approximations, and total experimental cross sections of Sueoka et al. [8] , of Tanaka et al. [9] and of Szmytkowski and Krzysztofowicz [12] . In general there is good agreement between the two SE results. There is also good agreement between the two computed cross sections in the SEP approximation except for energies below ∼ 5 eV. For these energies the SEP results of Sun et al. present a shoulder and are greater than ours. As a consequence of this shoulder, the integral cross section of Sun et al. is closer to the experi- [16] in the SE approximation; dot-dashed line (green), our results in the SEP approximation; dashed line (red), results of Ref. [16] in the SEP approximation; stars (magenta), experimental cross section of Ref. [8] ; circles (blue), experimental results of Ref. [9] ; crosses (orange), results of Ref. [12] ; solid (dark green) line, our results in the SEP approximation with the inclusion of extra centers (see text for discussion). mental data than ours. We believe that the difference seen in the theoretical results occurs because we included only s-, p-and d-type functions in the one-particle basis set while the complex Kohn results of Ref. [16] were obtained with a much larger basis set which included a substantial number of additional s-, p-, d-and f -type functions on the molecular center of mass.
RESULTS AND DISCUSSION
In order to investigate if the difference between the theoretical results is due to the one-particle basis, we performed another calculation including additional chargeless centers, as discussed above. This procedure would help in coupling higher angular momenta and therefore change the magnitude of the cross sections below 5 eV. This was done by the complex Kohn group by including the additional s-, p-, d-and f -type functions on the molecular center of mass. The results obtained with these calculations are also shown in figure 2. The effect of improving the one-particle basis set in the ICS can be seen in figure 2 . At low energy the ICS presents a rise that resembles the behavior of a virtual state. At around 0.2 eV both calculations present a minimum. The minimum obtained with the inclusion of extra centers is shifted to higher energy and is larger when compared to the calculation with no extra centers. These two points will be discussed below. Figures 3 and 4 show our calculated differential cross sections for energies from 2 to 10 eV with and without the extra centers. We also show the results obtained by the complex Kohn group and also experimental results of Curry et al. [7] , [10] at 6 and 7.9 eV; squares (orange), experimental data of Ref. [7] Tanaka et al. [9] , Mapstone et al. [10] and Merz and Linder [13] Although the calculations including the extra centers have a little less CSFs than the calculations with no extra centers, the results obtained with the extra centers agree better with the experiment. This fact suggests that the small discrepancies seen between our results and the complex Kohn results and experimental data has origin in the one-particle basis set, which with the inclusion of extra functions couples higher angular momenta.
As discussed above our calculated integral cross sections show a minimum at around 0.2 eV. We computed the the s−wave eigenphase for both calculations, and the results are shown in figure 5. For the cross section obtained without the extra centers the s−wave eigenphase crosses zero below 0.2 eV while for the cross section obtained with the extra centers the s−wave eigenphase crosses zero above 0.2 eV. These results indicate a presence of a Ramsauer-Towsend minimum in the integral cross section of C 2 H 6 . The presence of this minimum has been reported by the complex Kohn calculations and by the experiments. Another point discussed above is that our results obtained with the extra centers show a rise at low energies which suggests a presence of a virtual state. However, the behavior of the s-wave eigenphase shows that this rise is not related to a virtual state. Figure 6 shows our calculated momentum transfer cross section with and without extra centers obtained in the SEP approximation compared to the complex Kohn results also obtained in the SEP approximation and to the experimental data of Duncan and Walker [3] and McCorkle et al. [5] . There is relative good agreement between our results and the other results shown in this figure.
SUMMARY
We presented elastic cross sections for electron collisions with ethane. Our results agree well with the experimental results available in the literature, although some differences between our results and the available theoretical and experimental results were seen for energies below 5 eV. Calculations using additional functions located on the center of mass and on centers out of the molecular axis provided results in better agreement with the available results for energies below 5 eV. Our results suggest that the small differences seen between our calculations, the complex Kohn calculations and the experimental data are due to the one-particle basis set, which is improved by including extra centers. Our computed integral cross section with the use of extra centers shows a rise at low energies. The behavior of the corresponding swave eigenphase indicates that this rise is not related to a virtual state. In particular, our results show a broad maximum around 8.5 eV and the existence of a Ramsauer-Townsend minimum around 0.2 eV, in agreement with the experimental predictions and with theoretical results.
